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INTRODUCTION
Transcranial stimulation can be used to
modulate the activity of the brain. Recent
developments in our understanding of
technologies such as transcranial magnetic
or electrical stimulation have afforded rea-
sonable grounds for optimism that tech-
niques such as TMS or tDCS might be
effective treatments for neurally-mediated
disorders. Researchers have demonstrated
encouraging benefits of TMS and tDCS
in treating conditions such as tinni-
tus (Burger et al., 2011), depression
(Arul-Anandam and Loo, 2009), and
stroke (Nowak et al., 2010). Collectively
these techniques are often referred to as
“non-invasive brain stimulation” (NIBS),
although I would argue that this term is
not appropriate since in all cases energy
is being transferred across the skull (Davis
and van Koningsbruggen, 2013), and the
use of this term may be misleading to
the general public who are not aware of
the documented risks associated with these
procedures.
More recently it has been suggested
that brain stimulation be used to treat
neurological disorders in pediatric cases.
A recent review by Vicario and Nitsche
(2013a) identified a number of opportu-
nities and challenges for the use of brain
stimulation in children. Here I offer a
plea for calm and for caution. The ethical
stakes in clinical and research procedures
with children are high enough that a con-
servative approach is warranted. Many of
the ethical issues, relevant both to adult
and child participants, have been touched
on by other authors (e.g., Cohen Kadosh
et al., 2012; Krause and Cohen Kadosh,
2013); however this paper will focus on
the gaps in our knowledge that affect our
ability to assess risk in translating brain
stimulation procedures to pediatric cases.
There are a number of known risks
associated with brain stimulation. Mild
side-effects may include scalp tenderness,
headache or dizziness, which are typi-
cally associated with the mechanism of
delivery or with being immobilized in a
chair or frame, and which may be under-
reported (Brunoni et al., 2011). More seri-
ous effects may include seizure, mood
changes or induction of hyper- or hypo-
mania. However, the risk of seizure is low,
at around 0.1% of adult cases and around
0.2% of pediatric reports, although these
figures may not reflect unreported off-
label use of the techniques (Rossi et al.,
2009). These more serious symptoms are
largely associated with people who already
possess a degree of susceptibility, such as
people with a history of epilepsy (Davis
et al., 2013). Adult brain stimulation is
thought be reasonably safe when used
within defined limits (see below), however
here I wish to focus on a number of factors
that complicate the translation of TMS and
tDCS protocols to pediatric cases.
I will focus on the key unknowns in
brain stimulation research:
1. The unknown effects of stimulation;
2. The unknown side-effects of stimula-
tion;
3. The lack of clear dosing guidelines;
4. The lack of translational studies from
adults to children.
I will set out these “known unknowns”
in translating our knowledge about TMS
and tDCS effects to clinical pediatric appli-
cations, and touch on the practical and
ethical barriers to their widespread usage.
GAPS IN OUR KNOWLEDGE
THE UNKNOWN EFFECTS OF STIMULATION
It is thought that the effects of stimula-
tion on the brain involve modulating the
excitability of cortical areas near to the tCS
electrode or to the TMS coil. However,
there are considerable gaps in our knowl-
edge of how this modulation is achieved
and maintained. It is assumed that long
term depression- or potentiation-like pro-
cesses mediate a change in the resting
potential of neurons (e.g., Fritsch et al.,
2010), and it is likely that the induced
electric currents induce plastic changes in
neurotransmitter availability (Stagg et al.,
2009; Stagg and Nitsche, 2011), but the
biophysical mechanism for the induction
of these processes from electric fields is
obscure. It is not clear to what extent
white matter is involved in mediating the
effects of brain stimulation. Children are
known to show less myelination in some
brain regions than adults (Klingberg et al.,
1999; Barnea-Goraly et al., 2005), and it
is thought that non-uniformity in brain
tissue has a large role in determining the
spread of current (Shahid et al., 2013).
It is even less clear to what extent glial
cells are involved during brain stimula-
tion, although it is known that many of
the changes in brain structure that occur
during childhood and adolescence are
due to changes in glial density (Caviness
et al., 1996). These architectonic differ-
ences between child and adult brains are
likely to affect the spread of applied cur-
rent through brain tissue, making it more
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difficult to predict the electric field at, or
away from, target brain areas.
THE UNKNOWN SIDE-EFFECTS OF
STIMULATION
As well as the short-term effects of tran-
scranial stimulation, we do not yet under-
stand the effects of long-term use. It seems
likely that repeated sessions of TMS or
tCS lead to longer-lasting neural effects;
these long-duration effects are what makes
brain stimulation an attractive possibility
for clinical treatment. However, no brain
region exists in isolation, and researchers
are only now beginning to understand
the knock-on effects of modulating one
brain area on other areas in the brain. For
example, there is evidence that enhanc-
ing one aspect of cognition may be detri-
mental to other cognitive faculties, making
neuromodulation a zero-sum intervention
(Brem et al., 2014). Conversely, reduction
in activation of a brain area may induce
a paradoxical overall facilitation in func-
tion (Earp et al., 2014), through disinhi-
bition in a network or through changes in
neural noise. These notions suggest that
we should be checking more widely for
possible adverse effects of brain stimula-
tion, since the resulting effect of stimula-
tion may not be seen in the hypothesized
behavior, but in behaviors governed else-
where in a brain network. There is also the
worrying possibility that electrical stimu-
lation of the skull may induce or inhibit
bone growth, an issue of particular impor-
tance in children whose cranial bones are
not yet fused (Friedenberg et al., 1971,
1974). This latter possibility has not been
explored in human volunteers in brain
stimulation experiments.
THE LACK OF CLEAR DOSING GUIDELINES
It is currently not known how to deter-
mine the appropriate dose of stimulation
to give to an individual person to achieve
a given size of effect. At present our best
knowledge in dose-setting comes from
studies that model the electric and mag-
netic fields generated in stimulation, and
attempt to relate these fields to physical
effects on brain tissue. For example, the
current applied between two tDCS elec-
trodes placed on the scalp induces an elec-
tric field across the brain surface (Miranda
et al., 2006). Modeling this electric field
may in principle afford predictions of
the behavioral effect of specified levels
of current (e.g., Mendonca et al., 2011).
However, there are known to be consid-
erable differences in the modeled field
between individuals, depending on such
factors as fat deposits, cortical folding and
skull thickness. Importantly, one recent
modeling study suggests that the transmis-
sion of electric current to the brain is more
efficient in children than in adults, imply-
ing that clinicians should be more con-
servative in dose-setting for children than
for adults (Kessler et al., 2013). This latter
study suggested that the same electric field
magnitude at the brain surface might be
achieved with half of the applied current
in children compared to adults. However,
it is interesting to note that TMS-induced
motor potentials are generated at a higher
TMS intensity in children than older peo-
ple, possibly as a result of different levels
of inhibitory processing in the cortex (Mall
et al., 2004). While not a complete solu-
tion, developing individual MRI-derived
models for dose prediction is likely to
remain the most effective strategy for safe
delivery of brain stimulation.
THE LACK OF TRANSLATIONAL STUDIES
FROM ADULTS TO CHILDREN
It is a well-established principle that chil-
dren should not be considered as “small
adults” when testing medical interven-
tions. A recent study suggested that most
medical devices used in children are never
tested in pediatric populations before
approval (Hwang et al., 2014). I argued
above that modeling studies can inform
our ability to safely apply the correct level
of dose in individual children. However,
we are left with an ethical dilemma: how to
judge the safety of a procedure in children
without exposing children to the proce-
dure’s potential risks during testing? This
is not an uncommon problem in vul-
nerable groups. For example, in order to
be certain that a drug is safe for use in
pregnancy, it must be tested on pregnant
women (Chambers et al., 2008). In the case
of drug testing in pregnancy, this requires
that physicians monitor and report rare
adverse effects. Brain stimulation is simi-
larly associated with rare and subtle side-
effects, although in this case the patient
may not be aware of or able to report these
adverse effects. I propose that a clear sys-
tem be developed for recording adverse
effects in people with limited capacity to
report these effects.
WIDER ETHICAL CONCERNS
We have seen how incomplete knowl-
edge of the effects of brain stimulation
in adults and in children may entail risks
when applied to children, and have seen
that TMS and tCS are likely to be of use
in treating neurally-mediated disorders.
In younger patients, the most promising
treatment targets are epileptic disorders,
depression and chronic pain, where some
benefits have been shown in adults (Eldaief
et al., 2013). There is at present a small
number of publications that support the
use of brain stimulation in developmen-
tal cognitive conditions including autism
(Oberman et al., 2013; Enticott et al.,
2014), attention deficit-hyperactivity dis-
order (e.g., Bloch et al., 2010) or develop-
mental dyslexia (e.g., Costanzo et al., 2013;
Vicario and Nitsche, 2013b).
Recently researchers have suggested
that brain stimulation might enhance per-
formance, in domains such as mathemat-
ical ability (Snowball et al., 2013), sport
(Davis, 2013), moral reasoning (Young
et al., 2010) and vigilance (Nelson et al.,
2014). The possibility exists that a child
might take a dose of stimulation before
sitting an exam or a driving test. As
access to brain stimulation becomes more
widespread, in particular an internet-
based do-it-yourself movement (“DIY-
tDCS”), it is increasingly likely that people
will take the findings reported in scien-
tific reports and in the press, and attempt
to apply the same stimulation parameters
without the safeguards of the lab or clinic
(Fitz and Reiner, 2013). Researchers and
clinicians therefore have an increased duty
of caution in presenting our findings to a
wider audience.
CONCLUSION
I have so far presented a somewhat nega-
tive view of the use of brain stimulation
in younger people. In balance, I would
add that based on the published liter-
ature, amounting to around 1000 pedi-
atric cases, the protocols do not appear to
expose patients to significantly enhanced
risk of serious adverse effects. Adverse
reactions have occurred, although gener-
ally these have been in patients who have
an increased risk, such as in a case of rTMS
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leading to a seizure in a patient with ele-
vated blood alcohol levels (Chiramberro
et al., 2013). Sessions of TMS and tDCS
are reasonably well tolerated in studies
that have reported subjective experience.
Rajpakse and Kirton (2013) and Krause
and Cohen Kadosh (2013) give compre-
hensive recent overviews of brain stimula-
tion studies in children. When used with
care, brain stimulation in children appears
to be safe and well tolerated, at least over
the range of expected effects that occur
following stimulation.
I therefore hope to offer a positive
conclusion. Transcranial stimulation will
almost certainly play a large role in future
treatment options for neurological disor-
ders in children, including the develop-
mental cognitive disorders listed above, for
which there is some theoretical justifica-
tion for optimism. Many of the disorders
discussed here are disorders of plasticity;
the hope is that maladapted communica-
tion between or within brain areas might
be adjusted through the use of externally-
applied stimulation. Certainly in adults
TMS and tDCS are likely to be associated
with fewer and less unpleasant side-effects
than the neuroactive drugs that they are
intended to replace, and brain stimulation
is thought to be safe when used within
known safety parameters (e.g., Green et al.,
1997; Bikson et al., 2009; Rossi et al., 2009;
Davis et al., 2013).
It is clear that a large amount still
remains to be done in establishing safe
use of brain stimulation for children. The
major practical problems that remain are:
safe dosing of stimulation for individ-
ual children; developing a framework for
establishing informed consent in children
and their guardians; and an efficient sys-
tem for monitoring and reporting adverse
effects during and following brain stimula-
tion in minors. Researchers and clinicians
should also be conscious that children
and parents are increasingly technologi-
cally aware, and that headline-grabbing
news related to brain stimulation could
lead people to self-administer stimulation;
this is already occurring, as a brief search
of internet forums will reveal.
Brain stimulation is a powerful tool,
and it is our duty to ensure that it is
used responsibly in people who are most
vulnerable. With scientific and practical
developments, we can be confident that
brain stimulation offers an opportunity to
help those who have most to benefit.
REFERENCES
Arul-Anandam, A. P., and Loo, C. (2009). Transcranial
direct current stimulation: a new tool for the treat-
ment of depression? J. Affect. Disord. 117, 137–145.
doi: 10.1016/j.jad.2009.01.016
Barnea-Goraly, N., Menon, V., Eckert, M., Tamm,
L., Bammer, R., Karchemskiy, A., et al. (2005).
White matter development during childhood and
adolescence: a cross-sectional diffusion tensor
imaging study. Cereb. Cortex 15, 1848–1854. doi:
10.1093/cercor/bhi062
Bikson, M., Datta, A., and Elwassif, M. (2009).
Establishing safety limits for transcranial direct
current stimulation. Clin. Neurophysiol. 120,
1033–1034. doi: 10.1016/j.clinph.2009.03.018
Bloch, Y., Harel, E., Aviram, S., Govezensky, J.,
Ratzoni, G., and Levkovitz, Y. (2010). Positive
effects of repetitive transcranial magnetic stimula-
tion on attention in ADHD Subjects: a randomized
controlled pilot study. World J. Biol. Psychiatry 11,
755–758. doi: 10.3109/15622975.2010.484466
Brem, A.-K., Fried, P., Horvath, J., Robertson, E.,
and Pascual-Leone, A. (2014). Is neuroenhance-
ment by noninvasive brain stimulation a net zero-
sum proposition? Neuroimage 85, 1058–1068. doi:
10.1016/j.neuroimage.2013.07.038
Brunoni, A. R., Amadera, J., Berbel, B., Volz, M.
S., Rizzerio, B. G., and Fregni, F. (2011). A sys-
tematic review on reporting and assessment of
adverse effects associated with transcranial direct
current stimulation. Int. J. Neuropsychopharmacol.
14, 1133–1145. doi: 10.1017/S1461145710001690
Burger, J., Frank, E., Kreuzer, P., Kleinjung, T.,
Vielsmeier, V., Landgrebe, M., et al. (2011).
Transcranial magnetic stimulation for the treat-
ment of tinnitus: 4-year follow-up in treatment
responders - a retrospective analysis. Brain Stimul.
4, 222–227. doi: 10.1016/j.brs.2010.11.003
Caviness, V., Kennedy, D., Richelme, C., Rademacher,
J., and Filipek, P. (1996). The human brain age 7-
11 years: a volumetric analysis based on magnetic
resonance images. Cereb. Cortex 6, 726–736. doi:
10.1093/cercor/6.5.726
Chambers, C., Polifka, J., and Friedman, J. (2008).
Drug safety in pregnant women and their babies:
ignorance not bliss. Clin. Pharmacol. Ther. 83,
181–183. doi: 10.1038/sj.clpt.6100448
Chiramberro, M., Lindberg, N., Isometsä, E.,
Kähkönen, S., and Appelberg, B. (2013). Repetitive
transcranial magnetic stimulation induced
seizures in an adolescent patient with major
depression: a case report. Brain Stimul. 6,
830–831. doi: 10.1016/j.brs.2013.02.003
Cohen Kadosh, R., Levy, N., O’Shea, J., Shea, N.,
and Savulescu, J. (2012). The neuroethics of
non-invasive brain stimulation. Curr. Biol. 22,
R108–R111. doi: 10.1016/j.cub.2012.01.013
Costanzo, F., Menghini, D., Caltagirone, C., Oliveri,
M., and Vicari, S. (2013). How to improve read-
ing skills in dyslexics: the effect of high fre-
quency rTMS. Neuropsychologia 51, 2953–2959.
doi: 10.1016/j.neuropsychologia.2013.10.018
Davis, N. (2013). Neurodoping: brain stimulation as a
performance-enhancing measure. Sports Med. 43,
649–653. doi: 10.1007/s40279-013-0027-z
Davis, N., Gold, E., Pascual-Leone, A., and Bracewell,
R. (2013). Challenges of proper placebo control
for noninvasive brain stimulation in clinical and
experimental applications. Eur. J. Neurosci. 38,
2973–2977. doi: 10.1111/ejn.12307
Davis, N., and van Koningsbruggen, M. (2013).
‘Non-invasive’ brain stimulation is not non-
invasive. Front. Syst. Neurosci. 7:76. doi:
10.3389/fnsys.2013.00076
Earp, B., Sandberg, A., Kahane, G., and Savulescu,
J. (2014). When is diminishment a form of
enhancement? rethinking the enhancement debate
in biomedical ethics. Front. Syst. Neurosci. 8:12.
doi: 10.3389/fnsys.2014.00012
Eldaief, M., Press, D., and Pascual-Leone, A. (2013).
Transcranial magnetic stimulation in neurology:
a review of established and prospective appli-
cations. Neurol. Clin. Pract. 3, 519–526. doi:
10.1212/01.CPJ.0000436213.11132.8e
Enticott, P., Fitzgibbon, B., Kennedy, H., Arnold, S.,
Elliot, D., Peachey, A., et al. (2014). A Double-
blind, randomized trial of deep repetitive tran-
scranial magnetic stimulation (rTMS) for autism
spectrum disorder. Brain Stimul. 7, 206–211. doi:
10.1016/j.brs.2013.10.004
Fitz, N., and Reiner, P. (2013). The challenge of
crafting policy for do-it-yourself brain stimula-
tion. J. Med. Ethics. doi: 10.1136/medethics-2013-
101458. [Epub ahead of print].
Friedenberg, Z., Roberts, P. J., Didizian, N., and
Brighton, C. (1971). Stimulation of fracture heal-
ing by direct current in the rabbit fibula. J. Bone
Joint Surg. 53, 1400–1408.
Friedenberg, Z., Zemsky, L., and Pollis, R. (1974).
The response of non-traumatized bone to direct
current. J. Bone Joint Surg. 56, 1023–1030.
Fritsch, B., Reis, J., Martinowich, K., Schambra,
H. M., Ji, Y., Cohen, L. G., et al. (2010).
Direct current stimulation promotes BDNF-
dependent synaptic plasticity: potential implica-
tions for motor learning. Neuron 66, 198–204. doi:
10.1016/j.neuron.2010.03.035
Green, R., Pascual-Leone, A., and Wassermann, E.
(1997). Ethical guidelines for rTMS research. IRB
Ethics Hum. Res. 19, 1–7. doi: 10.2307/3563539
Hwang, T., Kesselheim, A., and Bourgeois, F.
(2014). Postmarketing trials and pediatric device
approvals. Pediatrics 133, e1197–e1202. doi:
10.1542/peds.2013-3348
Kessler, S., Minhas, P., Woods, A., Rosen, A., Gorman,
C., and Bikson, M. (2013). Dosage considerations
for transcranial direct current stimulation in chil-
dren: a computational modeling study. PLoS ONE
8:e76112. doi: 10.1371/journal.pone.0076112
Klingberg, T., Vaidya, C., Gabrieli, J., Moseley, M.,
and Hedehus, M. (1999). Myelination and orga-
nization of the frontal white matter in children:
a diffusion tensor MRI study. Neuroreport 10,
2817–2821. doi: 10.1097/00001756-199909090-
00022
Krause, B., and Cohen Kadosh, R. (2013). Can
transcranial electrical stimulation improve
learning difficulties in atypical brain devel-
opment? a future possibility for cognitive
training. Dev. Cogn. Neurosci. 6, 176–194. doi:
10.1016/j.dcn.2013.04.001
Mall, V., Berweck, S., Fietzek, U., Glocker, F.-X.,
Oberhuber, U., Walther, M., et al. (2004). Low lev-
els of intracortical inhibition in children shown by
Frontiers in Human Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 600 | 3
Davis Paediatric brain stimulation
transcranial magnetic stimulation.Neuropediatrics
35, 120–125. doi: 10.1055/s-2004-815834
Mendonca, M., Santana, M., Baptista, A., Datta, A.,
Bikson, M., Fregni, F., et al. (2011). Transcranial
DC stimulation in fibromyalgia: optimized cor-
tical target supported by high-resolution com-
putational models. J. Pain 12, 610–617. doi:
10.1016/j.jpain.2010.12.015
Miranda, P. C., Lomarev, M., and Hallett, M. (2006).
Modeling the current distribution during transcra-
nial direct current stimulation. Clin. Neurophysiol.
117, 1623–1629. doi: 10.1016/j.clinph.2006.
04.009
Nelson, J., McKinley, A., Goloba, E., Warm, J.,
and Parasuraman, R. (2014). Enhancing vigilance
in operators with prefrontal cortex transcranial
direct current stimulation (tDCS). Neuroimage 85,
909–917. doi: 10.1016/j.neuroimage.2012.11.061
Nowak, D. A., Bösl, K., Podubeckà, J., and Carey, J. R.
(2010). Noninvasive brain stimulation and motor
recovery after stroke. Restor. Neurol. Neurosci. 28,
531–544. doi: 10.3233/RNN-2010-0552
Oberman, L., Rotenberg, A., and Pascual-Leone, A.
(2013). Use of transcranial magnetic stimulation
in autism spectrum disorders. J. Autism Dev.
Disord. doi: 10.1007/s10803-013-1960-2. [Epub
ahead of print].
Rajpakse, T., and Kirton, A. (2013). Non-invasive
brain stimulation in children: applications and
future directions. Transl. Neurosci. 4, 217–233. doi:
10.2478/s13380-013-0116-3
Rossi, S., Hallett, M., Rossini, P., Pascual-Leone, A.,
and Group, T. S. O. T. C. (2009). Safety, ethical
considerations, and application guidelines for the
use of transcranial magnetic stimulation in clini-
cal practice and research. Clin. Neurophysiol. 120,
2008–2039. doi: 10.1016/j.clinph.2009.08.016
Shahid, S., Wen, P., and Ahfock, T. (2013). Numerical
investigation of white matter anisotropic conduc-
tivity in defining current distribution under tDCS.
Comput. Methods Programs Biomed. 109, 48–64.
doi: 10.1016/j.cmpb.2012.09.001
Snowball, A., Tachtsidis, I., Popescu, T., Thompson,
J., Delazer, M., Zamarian, L., et al. (2013).
Long-term enhancement of brain function
and cognition using cognitive training and
brain stimulation. Curr. Biol. 23, 987–992. doi:
10.1016/j.cub.2013.04.045
Stagg, C. J., and Nitsche, M. A. (2011). Physiological
basis of transcranial direct current stim-
ulation. Neuroscientist 17, 37–53. doi:
10.1177/1073858410386614
Stagg, C., Wylezinska, M., Matthews, P., Johansen-
Berg, H., Jezzard, P., Rothwell, J., et al. (2009).
Neurochemical effects of theta burst stimula-
tion as assessed by magnetic resonance spec-
troscopy. J. Neurophysiol. 101, 2872–2877. doi:
10.1152/jn.91060.2008
Vicario, C., and Nitsche, M. (2013a). Non-invasive
brain stimulation for the treatment of brain
diseases in childhood and adolescence: state of
the art, current limits and future challenges.
Front. Syst. Neurosci. 7:94. doi: 10.3389/fnsys.
2013.00094
Vicario, C., and Nitsche, M. (2013b). Transcranial
direct current stimulation: a remediation tool
for the treatment of childhood congenital
dyslexia? Front. Hum. Neurosci. 7:139. doi:
10.3389/fnhum.2013.00139
Young, L., Camprodon, J. A., Hauser, M., Pascual-
Leone, A., and Saxe, R. (2010). Disruption of
the right temporoparietal junction with tran-
scranial magnetic stimulation reduces the role of
beliefs in moral judgments. Proc. Natl. Acad. Sci.
U.S.A. 107, 6753–6758. doi: 10.1073/pnas.0914
826107
Conflict of Interest Statement: The author declares
that the research was conducted in the absence of any
commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 01 May 2014; accepted: 18 July 2014;
published online: 05 August 2014.
Citation: Davis NJ (2014) Transcranial stimulation of
the developing brain: a plea for extreme caution. Front.
Hum. Neurosci. 8:600. doi: 10.3389/fnhum.2014.00600
This article was submitted to the journal Frontiers in
Human Neuroscience.
Copyright © 2014 Davis. This is an open-access
article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permit-
ted, provided the original author(s) or licensor are
credited and that the original publication in this
journal is cited, in accordance with accepted aca-
demic practice. No use, distribution or reproduc-
tion is permitted which does not comply with these
terms.
Frontiers in Human Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 600 | 4
